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Abstract
Cells sense and respond to nanoscale variations in the distribution of ligands to adhesion
receptors. This makes single molecule localization microscopy (SMLM) an attractive tool to
map the distribution of ligands on nanopatterned surfaces. We explore the use of SMLM
spatial cluster analysis to detect nanodomains of the cell adhesion-stimulating tripeptide
arginine-glycine-aspartic acid (RGD). These domains were formed by the phase separation
of block copolymers with controllable spacing on the scale of tens of nanometers. We first
determined the topology of the block copolymer with atomic force microscopy (AFM) and
then imaged the localization of individual RGD peptides with direct stochastic optical recon-
struction microscopy (dSTORM). To compare the data, we analyzed the dSTORM data with
DBSCAN (density-based spatial clustering application with noise). The ligand distribution
and polymer topology are not necessary identical since peptides may attach to the polymer
outside the nanodomains and/or coupling and detection of peptides within the nanodomains
is incomplete. We therefore performed simulations to explore the extent to which nanodo-
mains could be mapped with dSTORM. We found that successful detection of nanodomains
by dSTORM was influenced by the inter-domain spacing and the localization precision of
individual fluorophores, and less by non-specific absorption of ligands to the substratum.
For example, under our imaging conditions, DBSCAN identification of nanodomains spaced
further than 50 nm apart was largely independent of background localisations, while nano-
domains spaced closer than 50 nm required a localization precision of ~11 nm to correctly
estimate the modal nearest neighbor distance (NDD) between nanodomains. We therefore
conclude that SMLM is a promising technique to directly map the distribution and nanoscale
organization of ligands and would benefit from an improved localization precision.
PLOS ONE | https://doi.org/10.1371/journal.pone.0180871 July 19, 2017 1 / 17
a1111111111
a1111111111
a1111111111
a1111111111
a1111111111
OPENACCESS
Citation: Mollazade M, Tabarin T, Nicovich PR,
Soeriyadi A, Nieves DJ, Gooding JJ, et al. (2017)
Can single molecule localization microscopy be
used to map closely spaced RGD nanodomains?
PLoS ONE 12(7): e0180871. https://doi.org/
10.1371/journal.pone.0180871
Editor: Etienne Dague, LAAS-CNRS, FRANCE
Received: October 30, 2016
Accepted: June 22, 2017
Published: July 19, 2017
Copyright: © 2017 Mollazade et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.
Data Availability Statement: All SMLM data and
analysis of simulation data are available at the
figshare repository: 10.6084/m9.figshare.4964276
10.6084/m9.figshare.4964264 10.6084/m9.
figshare.4964258 10.6084/m9.figshare.4964243
10.6084/m9.figshare.4964234 10.6084/m9.
figshare.4964219 10.6084/m9.figshare.4963337
10.6084/m9.figshare.4963334 10.6084/m9.
figshare.4963331 10.6084/m9.figshare.4963319.
Funding: This work was supported by the
Australian Research Council; grant numbers
LP140100967 (to KG and PRN) and DP130100269
Introduction
The nanoscale organization of the extracellular environment influences cellular behaviors such
as adhesion, migration and differentiation [1][2]. In particular, cell adhesion and spreading
are highly sensitive to the nanoscale spatial organization of adhesive ligands such as the tripep-
tide arginine-glycine-aspartic acid (RGD) found in some extracellular matrix (ECM) proteins
[3][4]. Using patterned surfaces with well-defined chemistries, previous work identified a criti-
cal spacing of adhesive ligands in the range of 30–80 nm that controlled effective adhesion,
spreading of cells and formation of focal adhesions [5][6][7][8]. However, the actual distribu-
tion of adhesive ligands was often not directly measured and had to be inferred from the
design of the surface modifications. For example, electron microscopy or atomic force micros-
copy (AFM) [9][10][11] can determine the underlying topology of engineered surfaces. How-
ever, it has been challenging to directly map the nanoscale distribution of ligands with these
techniques so that the ligand presentation can be linked to the organization of cell surface
receptors in cells that adhere to these surfaces [12][13] [14].
In principle, single molecule localization microscopy (SMLM) techniques, such as (fluores-
cent) photoactivated localization microscopy ((f)PALM) [15][16] and (direct) stochastic opti-
cal reconstruction microscopy ((d)STORM) [17][18], point accumulation for imaging
nanoscale topography (PAINT [19][20][21][22]), and ground-state depletion followed by indi-
vidual molecule return (GSDIM)[23] could address this challenge. In SMLM, the position of
single molecules is recorded by stochastically switching fluorophores between a stable dark
state and a short-lived fluorescent state. With organic fluorophores, localisation precisions of
10–20 nm can easily be achieved [24]. To date, SMLM has been mainly used as an imaging
tool in biology [25][26][27][28] while the use of SMLM to analyze and quantify surface pat-
terns and chemistries is still at its infancy [29][30][31]. This is because SMLM yields discreet
molecular coordinates of individual molecules rather than images and thus requires further
analysis to parameterize, for example, ligand distribution into nanodomains. Here, we explore
the suitability of a cluster analysis called DBSCAN (density-based spatial clustering application
with noise) [32] to detect the RGD nanodomains on nanopatterned surfaces from SMLM data.
The experimental data was supplemented with simulations to identify the imaging and surface
parameters that influenced the ability and reliability of nanodomain detection.
Results and discussion
The phase separation of block copolymers [33] can be exploited to create nanodomains with
varying diameters and interdomain spacings that are on the biologically relevant scale of tens
of nanometers [34][35][36][37][38]. For example, a polystyrene-poly(ethylene oxide)
(PS-PEO) copolymer system [39] was used to engineer a controlled cellular microenvironment
for mesenchymal stem cells that contained nanodomains decorated with cell adhesion peptides
[40]. We have produced surfaces where vertical cylinders of PEO in thin films of PS-PEO:PS
mixtures on glass coverslips formed nanodomains [41] that were easily detectable as ~ 3 nm
indentations with AFM (Fig 1A–1C, Figure A (B-C) in S1 File). Changing the PS-PEO to PS
ratio resulted in different nearest neighbor distances (NND) between the domain centers, i.e.,
58 (± 14) nm, 38 (± 3) nm and 31 (± 1) nm for 25:75 PS-PEO:PS, 50:50 PS-PEO:PS and 100:0
PS-PEO:PS surfaces, respectively, while the domain diameters were maintained at ~10 nm
(Table 1). The prior functionalization of the PEO group with a maleimide group enabled the
attachment of cysteine-terminated RGD containing peptides, CGRGDSK, conjugated to the
fluorophore AlexaFluor647 (RGD-AF647) to the surface. This enables dSTORM imaging and
the localization of RGD-AF647 molecules with an average localization precision of 16 nm
(Figure B (D) in S1 File).
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Fig 1. AFM and dSTORM images of nanoscale surface with different PS:PS-PEO ratios. a-c. AFM images for surfaces containing 25:75
PS-PEO:PS. (A), 50:50 PS-PEO:PS (B) and 100:0 PS-PEO:PS (C), respectively. Scale bars = 100 nm. (D-J). Cluster density maps from dSTORM
data of CGRGDSK-Alexa647 on surfaces containing 25:75 PS-PEO:PS (D and G), 50:50 PS-PEO:PS (E and H) and 100:0 PS-PEO:PS (F and I),
respectively. dSTORM images in (G-I) are zoomed regions of the highlighted red squares in (D-F), respectively. Color-coding represented molecular
density. Scale bars in D-F = 500 nm; scale bars in G-I = 100 nm. Contours enclosing clusters are red if the cluster possesses the minimum number of
points for the DBSCAN analysis, whereas those in black do not. For AFM imaging 3 images were taken of 2 independent repeats of each surface
preparation. For each different surface preparation 3 images were taken and used for dSTORM analysis. J-L. Distribution of nearest neighbor
distances (NND) between cluster centers identified by DBSCAN (with ε = 20 nm and minPts = 3) of CGRGDSK-Alexa647 dSTORM images on 25:75
PS-PEO:PS (J), 50:50 PS-PEO:PS (K) and 100:0 PS-PEO:PS (L) surfaces, respectively.
https://doi.org/10.1371/journal.pone.0180871.g001
Can single molecule localization microscopy be used to map closely spaced RGD nanodomains?
PLOS ONE | https://doi.org/10.1371/journal.pone.0180871 July 19, 2017 3 / 17
We applied a cluster method DBSCAN [32] to the dSTORM data that detects clusters of
points using a propagative strategy based on two parameters; ε, the search radius and minPts,
the minimum number of neighbours within this search radius (Figure C in S1 File). As
expected, RGD-AF647 molecules were located in nanoscale clusters (Fig 1). However,
dSTORM clusters were fewer in number and larger in size than the PEO cylinders determined
by AFM. A direct comparison between AFM and dSTORM data may not be valid: AFM is a
direct measure of the nanotopology of the surface, and thus all domains, while dSTORM
requires the domains to be labelled with a fluorophore. Therefore, if the coupling efficiency of
RGD-AF647 molecules to PEO cylinders is low, this would result in fewer nanoclusters
detected in dSTORM than the nanodomains detected in AFM [31]. Similarly, the differences
in average domain sizes measured with AFM and dSTORM may be explained with the locali-
zation uncertainty inherent to dSTORM. Fluorophores located at the edge of a domain could
only be localized within the 16 nm localization precision, meaning that dSTORM clusters
could appear approximately 18 nm larger (FWHM, s
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2lnð2Þ
p
) in radius than the AFM nano-
domains. This raises the central question of this study: can analysis of dSTORM data map the
RGD spatial distribution without having to infer domain geometry from the underlying poly-
mer topology? A complicating factor for this endeavor is the presence of background fluores-
cence that could be caused by fluorescent species other than RGD-AF647 molecules that were
present in the polymer surface and buffers (Figure D (A-B) in S1 File), or non-specific absorp-
tion of RGD-AF647 molecules onto the polymer surfaces (Figure D (C-D) in S1 File).
As a first assessment of the suitability of nanodomain detection, we calculated the nearest-
neighbor distance (NDD) for DBSCAN-identified RGD-AF647 clusters. Since the clusters
were round, we opted for measuring NDD from cluster center to cluster center, which is
appropriate for the circular clusters observed here. This measure does not take cluster size into
account and for non-circular domains NDD determination from cluster edge to cluster edge
may be more appropriate. The modal NND obtained by AFM (58 ± 14 nm) and dSTORM
(57 ± 9 nm) were in agreement for the 25:75 PS:PS-PEO surface, indicating that NDD values
were a useful measurement. The 50:50 PS:PS-PEO and 100:0 PS:PS-PEO surfaces had modal
NNDs of 96 ± 1 nm, and 78 ± 8 nm respectively with DBSCAN and 38 ± 3 nm and 32 ± 1 nm
respectively with AFM (Table 1,Fig 1J–1L), illustrating that closely spaced domains may be
challenging to map with dSTORM.
To understand how dSTORM data influences NND values, we simulated dSTORM data
that mimicked surfaces with nanodomains that had interdomain distances of 100 nm and 50
nm (Fig 2A) and systematically varied the DBSCAN parameters ε and minPts in the subse-
quent analysis (Figs 3 and 4). The simulated images were generated from a surface model in
which the number of molecules per domain was defined by a Poissonian distribution (μ = 15
and σ = 4) centered on an estimated value of 15 molecules per domain [42] (Figure B (A) in S1
File). Also included in the model were the experimentally derived, intrinsic blinking properties
of AlexaFluor647 under dSTORM imaging conditions [43], which were well described by a
geometric distribution (ηn(1−η)), n is the number of blinking events, with the best fit for the
Table 1. Average cluster area, density and NND from AFM and dSTORM imaging of surfaces with dif-
ferent PS-PEO:PS-PEO ratios.
Average NND (nm) Average diameter (nm)
PS:PS-PEO AFM dSTORM AFM
25:75 58 ± 14 57 ± 9 10 ± 1
50:50 38 ± 3 30 ± 1 10 ± 1
100:0 31 ± 1 29 ± 3 10 ± 1
https://doi.org/10.1371/journal.pone.0180871.t001
Can single molecule localization microscopy be used to map closely spaced RGD nanodomains?
PLOS ONE | https://doi.org/10.1371/journal.pone.0180871 July 19, 2017 4 / 17
Fig 2. DBSCAN and NND analysis of simulated nanodomain surface. (A) Simulated dSTORM image with nanodomain of 10 nm
in diameter and spaced 100 nm apart. Background was added to the simulated nanodomains by randomly choosing image regions of
the experimental data of non-specific absorption data (Figure D (B-D) in S1 File) and with 75% of missing domains. (B) Individual
clusters, represented by different colors and black contour lines, identified by DBSCAN (parameters; ε = 20 nm and minPts = 3) of the
simulated data set shown in (A). (C). Distribution curves of nearest neighbor distances (NDD) of simulated data shown in (A-B) for
various DBSCAN search parameters, ε.
https://doi.org/10.1371/journal.pone.0180871.g002
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parameter η = 0.5 [44] (Figure B (B) in S1 File). Localization precision for each blinking event
was determined by sampling an empirical distribution of localization precisions from a bare
glass surface sparsely covered with AlexaFluor647 molecules [45][46]. We estimated the preci-
sion of localization for each blinking event as a log-normal distribution with mean μ = 2.8 and
standard deviation σ = 0.28 (Figure B (C) in S1 File). We introduced a parameter correspond-
ing to the percentage of missing domains that could be used to adjust the level of incomplete
Fig 3. Effect of the domain spacing, presence of background, percentage of missing nanodomains and localization
precision on nanodomain detection in simulated data by DBSCAN. Each simulated nanodomain was constructed around a
central point, which corresponds to its true center. After identification of clusters by DBSCAN, the contour of each identified
cluster was tested against the true center of the simulated domain. A cluster was counted as correctly detected if its contour
contained one and only one true center. (A-F). Percentage of correctly detected clusters for different search radii (ε = 10 to 50 nm)
and values of minPts = 3 (A, C, E) and minPts = 5 (B, D F) with 0% (blue), 50% (orange) and 75% (purple) of missing domains with
(striped) or without (solid) included background. In a-b, domain spacing was set to 100 nm. In (C-F), domain spacing was set to 50
nm. In (A-D), the log-normal distribution of the localization precision centered at 16 nm (μ = 2.8 and σ = 0.28; matching the
experimental data, Figure B (D) in S1 File); in (E-F), the log-normal distribution of the localization precision centered at 11 nm (μ =
2.4 and σ = 0.28, Figure B (D) in S1 File).
https://doi.org/10.1371/journal.pone.0180871.g003
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coupling of fluorophores to PEO cylinders or undetected fluorophores [31]. Instead of simu-
lating background, we drew from dSTORM images of polymer surfaces that did not present
maleimide moieties, but were incubated with the RGD-AF647. Any signal from these surfaces
should be from non-specifically absorbed fluorophores and erroneous background detection
events. For each simulation, an area of the size of the simulation was randomly chosen from a
pool of measured background images and included with the background-free simulated
Fig 4. Effect of the domain spacing, presence of background, percentage of missing nanodomains and localization
precision on NND between detected nanodomains by DBSCAN in simulated data. Simulation conditions were identical
to Fig 3. From the NND distributions, the highest occurrence for the NND was extracted and plotted. (A-F) Modal NNDs for
different search radii (ε = 10–50 nm) and minPts values of 3 (A, C, E) and 5 (B, D F), with 0% (blue), 50% (orange) and 75%
(purple) of undetected domains and with (striped) or without (solid) included background. In (A-B), domain spacing was set to
100 nm. In (C-F), domain spacing was set to 50 nm. In (A-D), the log-normal distribution of the localization precision centered
at 16 nm (μ = 2.8 and σ = 0.28; matching the experimental data, Figure B (D) in S1 File); in (E-F), the log-normal distribution of
the localization precision centered at 11 nm (μ = 2.4 and σ = 0.28; Figure B (D) in S1 File
https://doi.org/10.1371/journal.pone.0180871.g004
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nanodomains. It should be noted that we selected these dSTORM imaging parameters for our
simulations as they most closely matched the experimental observations. However, other
microscopes, fluorophores and experimental conditions may result in other photophysical
properties and thus substantially different dSTORM data sets. Thus, the values derived from
the simulations, such as optimal DBSCAN parameters and NDD distributions, are specific to
these data sets while the methods and general conclusions are more widely applicable.
The simulated detection event coordinates were analyzed by DBSCAN with different search
radii, ε, and the NDD distributions plotted (Fig 2). As was the case with experimental data, the
NND distribution of simulated images had a clear maximum. This modal NND was at the
expected value of 100 nm for ε = 20 nm and ε = 30 nm when domains were spaced 100 nm
apart (Fig 2). However, this was not the case for ε = 40 and 50 nm, most likely because nano-
domains were not correctly identified when the search radius was either too small or too large.
To test this hypothesis, we varied the DBSCAN search radius (ε = 10 to 50 nm) and the
minPts parameter (minPts = 3 and minPts = 5), used two values for domain spacing (50 nm
and 100 nm), varied the percentage of missing domains (0%—blue, 50%—orange, 75%—pur-
ple), and compared data with and without background (solid versus striped). In each case we
quantified the efficiency of nanodomain detection by calculating the percentage of domains
that are correctly detected (Fig 3). Surprisingly, we found that the DBSCAN search radius of ε
= 20 nm made domain detection insensitive to the presence of background, missing fluoro-
phores and the minPts parameter when domains were spaced 100 nm apart, with domain
detection efficiency remaining at 76–81% (Fig 3A and 3B). In contrast, background and
incomplete detection impacted severely on correct identification of clusters when larger search
radii were used (Fig 3A and 3B) or domains were spaced 50 nm apart versus 100 nm (Fig 3C
and 3D). A closer inspection of the simulated images revealed that the smallest search radius
of ε = 10 nm fragmented the simulated domains into additional clusters, accounting for the
low cluster detection efficiency seen in Fig 3A–3D (Figure E in S1 File). This fragmentation is
a consequence of the stochastic and sparse point sampling of the underlying sample, character-
istic of a SMLM imaging experiment and the DBSCAN algorithm, which segments regions of
locally high density. It is then necessary to ensure that a DBSCAN search radius is sufficiently
large to avoid these fragmentation artefacts. However, excessively large search radii (e.g., ε =
50 nm) could lead to the merging of domains into large clusters (Figure E in S1 File). Increas-
ing the DBSCAN minPts from 3 to 5 had relatively little effect on cluster identification but
improved the correct identification for ε = 30 nm for 100 nm interdomain spacing, increasing
detection efficiency to 63–85% (Fig 3B) because fewer domains were merged into large clus-
ters. Overall, we identified that a high density of closely spaced domains as the main limiting
factor for domain detection with this approach, but domains with 100 nm spacing can be
robustly detected with a DBSCAN radius of ε = 20 nm.
We used the simulation to examine how cluster detection could be experimentally
improved when domains are spaced only 50 nm apart. We reduced the simulated mean locali-
zation precision from 16 nm (Fig 3C and 3D) to 11 nm (Fig 3E and 3F, Figure B (D) in S1
File), resulting from a change in the log-normal distribution parameter μ = 2.8 to μ = 2.4. As a
result, we observed a remarkable improvement in the detection efficiency for clusters spaced
50 nm apart at ε = 10 nm and ε = 20 nm, with approximately 60% and 54% of domains
detected, respectively (Fig 3E and 3F). At ε = 10 nm the results were again insensitive to the
level of background, the density of domains and the minPts parameter. At ε = 20 nm, however,
as the percentage of missing domains decreased, the number of detected domains decreased as
well (Fig 3E). If a localization precision of 11 nm could be achieved experimentally, it would be
possible to correctly identify nanodomains with 50 nm spacing, as seen with more than 50% of
domains detected by using the DBSCAN parameters of ε = 10–20 nm.
Can single molecule localization microscopy be used to map closely spaced RGD nanodomains?
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For simulated domains spaced 100 nm apart (Fig 4A and 4B), the NND distributions
peaked at the expected value for ε = 20 to 40 nm and thus provides a more reliable measure
than direct identification of individual domains. The NND peak position was again insensitive
to the density of domains, presence of background and the minPts parameter. A search radius
of ε = 10 nm resulted in a grossly underestimated modal NND value (22 nm) while ε = 50 nm
yielded a slightly overestimated modal NND value (113–135 nm), except when high back-
ground and a high density of domains were present.
When domains were spaced 50 nm apart, where less than 40% of domains were correctly
identified, the modal NND was extremely dependent on the search radius (Fig 4C and 4D).
Only for ε = 20 nm did the NND value of 60–66 nm come close to the expected value of 50 nm
when 50% or 75% domains were undetected. An improvement in the localization precision
rescued the modal NND position at 46–49 nm and 50–52 nm for ε = 10 nm and ε = 20 nm,
respectively, for domains that were spaced 50 nm apart, particularly when minPts = 5 (Fig 4E
and 4F) and when fewer than 75% domains were undetected.
With the insights from the simulations, we re-examined the NDD distributions for three
polymer surfaces of 25:75 PS-PEO:PS (Fig 5A and 5B), 50:50 PS-PEO:PS (Fig 5C and 5D) and
100:0 PS-PEO:PS (Fig 5E and 5F). The DBSCAN search radius influenced the NND distribu-
tion and modal NND for all surfaces. This was expected given that the simulations revealed
that cluster detection and NND results were strongly influenced by high domain density and
short interdomain spacing. The simulation results indicated that the best estimate for the 25:75
PS-PEO:PS surface would be provided by ε = 20 nm, which yielded a modal NND of 57 ± 9
nm, closely in agreement with the interdomain distance measured by AFM of 58 ± 14 nm.
Given the excellent agreement between the dSTORM NND and AFM NND, we concluded
that non-specific adsorption and incomplete labeling and detection of domains with
RGD-AF647 molecules was not the major obstacle.
The interpretation of the NND dSTORM analysis for 50:50 PS-PEO:PS surfaces (Fig 5C
and 5D) and 100:0 PS-PEO:PS surface (Fig 5E and 5F) was not so straightforward. The AFM
interdomain distances were 37 ± 3 nm and 31 ± 1.3 nm, respectively. Ana lysis of correspond-
ing dSTORM data with the NND approach using a search radius value of ε = 10 nm yielded
modal NND values of 30 ± 1 nm and 29 ± 3 nm, respectively. It is thus possible that under
these conditions, the small DBSCAN search radius correctly distinguished the interdomain
distance. However, for ε = 20 nm, we observed NND values above 75 nm for 50:50 PS-PEO:PS
surfaces (Fig 5C and 5D) and 100:0 PS-PEO:PS surfaces (Fig 5E and 5F). Drawing the compar-
ison to the simulated results, the very high density of points overall caused the misidentifica-
tion of clusters by DBSCAN. As the simulation suggested an improvement in localization
precision may result in more reliable NND values at high density, indicating that it would be
more beneficial to improve the localization precision than the domain labeling protocols.
Conclusion
The nanoscale distribution of adhesive ligands is key to the formation and maturation of focal
adhesions. Therefore, materials whereby the distribution of adhesive ligands, such as the RGD
peptide, can be controlled at the nanometer scale are important tools for probing focal adhe-
sion formation. However, directly mapping ligand distribution has remained challenging. We
were motivated to explore whether dSTORM and an appropriate analysis could be used for
mapping even closely spaced RGD nanodomains, thus providing a route to RGD ligand map-
ping in the presence of cells seeded on the engineered surface.
A number of dSTORM cluster analyses have been reported in the literature in addition to
the DBSCAN method mentioned here, including methods based on mesh representations [47]
Can single molecule localization microscopy be used to map closely spaced RGD nanodomains?
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Fig 5. NND analysis of RGD-AF647 clusters on phase separated polymer surfaces. (A-F). Modal NND (A, C, E) and representative
NND distributions (B, D, F) for different DBSCAN search radii (r = 10–50 nm) for RGD-AF647-modified surfaces containing 25:75 PS-PEO:
PS (A-B), 50:50 PS-PEO:PS (C-D) and 100:0 PS-PEO:PS (E-F), respectively. In (A), (C) and (E), data are mean and standard deviation of 3
independent measurements.
https://doi.org/10.1371/journal.pone.0180871.g005
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[48][49] or on Ripley’s functions [50]. An implementation of the latter approach includes an
extension by which appropriate segmentation parameters are chosen via a Bayesian engine.
Similar to the work here, a parameter space is sampled and resulting clusters evaluated against
an expected model for cluster morphology to determine an optimal segmentation. The Bayes-
ian approach requires a model for the spatial distribution of clusters; in the demonstrated
work this is Gaussian clusters amongst spatially random background points, which may be
well-suited for the system here. The DBSCAN approach, however, does not require an a priori
model for cluster shape and, in contrast to any Ripley’s function-based methods, can deal with
clusters of non-circular shape.
The optical properties of the PS-PEO:PS block copolymer enabled dSTORM imaging of
RGD-AF647 and the identification of nanoscaled adhesive domains that were spaced ~58 nm
apart. Importantly, the analysis still robustly determined the average interdomain spacing
despite factors such as background signal, incomplete domain labeling and missing domains.
Determination of interdomain spacing became difficult when the simulated domains were
spaced 50 nm or less apart. Encouragingly, by increasing the apparent localization precision of
the labeling by 30% (from mean localization precision of 16 nm to 11 nm) it becomes possible
to regain domain identification. Therefore, we conclude that dSTORM in combination with
DBSCAN analysis is a promising route for characterization of the nanoscale features of block
copolymer domain surfaces with closely spaced domains. As pointed out above, the values for
interdomain spacing that could be reliably detected with dSTORM and DBSCAN were specific
to our imaging and simulation parameter, while the general conclusion should be applicable to
other engineered surfaces and imaging conditions: the main limiting factor in mapping closely
spaced nanodomains with dSTORM and DBSCAN is the localization accuracy and detection
efficiency of the domain. Improved dSTORM imaging buffers, such as cyclooctatetraene con-
taining buffer [51], could mean a greater percentage of domain labels could be detected and
therefore improve identification. Moreover the use of techniques that can increase the number
of photons collected, such an interference dual objective system [52][53] or adaptive optics
[54][55], and minimizing drift during acquisition, e.g., stabilized TIRF [56][57], would give
additional improvements and push the limit of domain identification. This would in turn
allow a direct far-field approach to observing and characterizing of ligand distributions on
nanodomain-patterned surfaces.
Materials and methods
Materials
Polystyrene-block-polyethylene oxide (PS-PEO) copolymer (with a molecular weight of 190
kDa for the PS block and a molecular weight of 48 kDa for the PEO block) and polystyrene
(PS) polymers of 11.4 kDa were purchased from Polymer Source. HPLC grade toluene was
purchased from Ajax Finechem. Microscope glass cover slides (high precision with low back-
ground, No 1.5 H) were purchased from Australian Scientific. Thiolated-RGD peptides conju-
gated with AlexaFluor647 (Ac-CGRGDSK (AF647)-amide) were supplied by Cambridge
Research Biochemicals. Tris (2-carboxyethyl) phosphine) (TCEP) and N-(p-maleimidophenyl)
isocyanate (PMPI) were purchased from Thermo Scientific. HEPES and EDTA were supplied
by Life Technologies, Australia. Dry N,N-dimethylformamide (DMF), PBS and all other mate-
rials were sourced from Sigma-Aldrich and used as supplied.
Hydrophobic substrate preparation and spin casting
Microscope glass cover slides were rinsed thoroughly in MilliQ water and then exposed to
UV/ozone (UV Ozone Cleaner, Model UV.TC.220, Bioforce Nanosciences) for 20 min to
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remove any organic molecules. In a post ozone treatment, the cover slides were rendered
hydrophobic by incubation in boiling benzyl alcohol (BnOH) for 4 h, followed by thorough
rinse in isopropanol and dried under a stream of nitrogen gas. Thin films of polymer were pro-
duced by spin casting of blends of polymer solutions containing 1% (wt/vol) total polymer
concentration in toluene onto the BnOH-treated cover slides at different rpm values.
Atomic force microscopy
The surface topography of the thin layer of polymer on the cover slides was characterized by
atomic force microscopy (AFM) using a MultiMode 8-HR AFM (Bruker, Santa Barbara, CA)
in air at room temperature. AFM was operated in tapping mode using Scanasyst-Air cantile-
vers (Bruker) with a nominal spring constant of 0.4 N.m-1 and a resonance frequency of 70
kHz. For each sample, AFM images of at least 5 individual areas (500 nm × 500 nm) were
acquired. The collected images were analyzed by a custom-written MATLAB script to deter-
mine the interdomain distance and the size of the domains. A built-in MATLAB function
“im2bw” was used to convert the AFM images into binary maps with a threshold at 20% above
the average intensity of the image. Thereafter binary images were segmented with the built-in
MATLAB function “bwonncomp” to identify the connected pixels that form domains. Finally,
the built-in MATLAB function “regionprops” was used to determine the centre and the area of
each domain.
Maleimide functionalization of PS-PEO polymer
100 mg of PS-PEO copolymer and 8 mg of PMPI were dissolved in 2 mL of anhydrous DMF
by heating up to 40˚C for 1 hour. After removing DMF through rotary-evaporation, the solid
product was re-dissolved in chloroform and then precipitated into cold methanol. The precipi-
tate was recovered through multiple cycles of vacuum filtration and washing with methanol to
remove any un-reacted PMPI.
1H NMR of derivatised polymer
1H High-resolution NMR spectra were recorded using a Bruker Avance III 600 MHz spec-
trometer or Bruker Avance III 300 MHz employing CDCl3 as the solvent. Sample concentra-
tion was approximately 20 mg mL-1. Chemical shifts were referenced to the residual proton
peak of CDCl3 at 7.26 ppm. 64 scans were accumulated per increment over a spectral width up
to 8.5 ppm. 1H NMR in CDCl3 for PS-PEO modified with maleimide demonstrated two addi-
tional peaks (Bruker Avance III 600 MHz, δ = 7.76 d 2H, δ = 7.53 d 2H) compared to 1H NMR
in CDCl3 for PS-PEO (Bruker Avance III 300 MHz NMR), which was an indicator of the suc-
cessful addition of maleimide.
RGD immobilization to maleimide-functionalized polymer
Thiolated RGD peptides (Ac-CGRGDSK (AF647)-amide) conjugated with AlexaFluor647
were bound to the maleimide groups of the polymer layer spin cast onto cover slides. This was
achieved by incubating 5 μg mL-1 RGD peptide in coupling buffer (0.1 M TCEP, 0.2 M
HEPES, 1 mM EDTA, pH 7.2) with the cover slides for 1 hour at room temperature. The sur-
faces were then washed thoroughly in PBS.
dSTORM imaging
The dSTORM principle and instrumentation have been previously described [18][17]. Our
dSTORM imaging system is a total internal reflection fluorescence microscope (ELYRA;
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Zeiss) with a 100x oil-immersion objective (NA = 1.46). For activation and excitation of Alexa-
Fluor647, we used lasers at 405 nm and 642 nm, respectively. During the acquisition, the 642
nm laser was used at 15 mW for imaging and the 405 nm laser set in the range 10–100 μW was
used for the conversion of AlexaFluor647 molecules from the dark state. The fluorescence
emission was obtained by acquiring 20,000 images per sample on an electron-multiplying
charged-coupled device camera (iXon DU-897; Andor) using an exposure time of 30 ms. To
perform dSTORM, the samples were imaged in an oxygen-scavenging PBS-based buffer con-
taining 25 mM HEPES, 25 mM glucose, 5% glycerol, 0.05 mg mL-1 glucose oxidase and 0.025
mg mL-1 horseradish peroxidase, supplemented with 50 mM cysteamine; all from Sigma. The
buffer in combination with high laser intensity increased the dark state lifetime of Alexa-
Fluor647, promoting stochastic blinks of fluorescent molecules required for dSTORM imag-
ing. At the end of an acquisition, the raw data consisted of a stack of 20,000 raw fluorescence
intensity images that were processed subsequently.
dSTORM data processing
Raw fluorescence intensity images were processed using Zen 2011 SP3 Software (Zeiss MicroI-
maging). After Gaussian filtering, in each acquired frame, true events were separated from the
camera residual background when I-M > 6S [58], where I is the event intensity, M the mean
image intensity and S the standard deviation of the image intensity. Each true event corre-
sponding to a point-spread function is fitted to a two-dimensional Gaussian distribution to
calculate its center, accounting for the possibility of overlapping peaks. The localization preci-
sion was calculated based on the definition of Mortensen et al [45]. To correct for potential
sample drift, we used a built-in drift correction function from the Zen software that uses a
method based on the triangulation of localizations and a piecewise-linear drift model. Finally,
tables containing the x-y particle coordinates of each spot detected in the acquisition were gen-
erated and used subsequently for DBSCAN analysis.
DBSCAN and NND analysis
For quantification of dSTORM data, we used density-based spatial clustering application with
noise analysis (DBSCAN) [32] and nearest neighbor distance (NND). DBSCAN identifies clus-
ters in large datasets of points by a propagative method that links points belonging to a com-
mon cluster based on two parameters; r, the search radius and ε, the minimum number of
neighbors. These two criteria define whether a point belongs to a cluster or not; if a point has at
least ε neighbors within a radius ‘r’ or if a point is a neighbour of a point belonging to a cluster,
this point is assigned to the cluster. The unassigned points are assigned to noise. The DBSCAN
routine was implemented in MATLAB but the core algorithm was coded in C++ and compiled
in a MEX file to improve the speed of processing. NND analysis uses the center of each cluster
identified by DBSCAN and, using a built-in MATLAB function using a k d tree algorithm, cal-
culates the distance between the center of a cluster and the center of the nearest cluster.
Simulations
We performed the simulations using a custom-written MATLAB script. Each simulated region
was 5 μm x 5 μm. First, we created an array of points corresponding to the centers of the
domains separated by 100 nm or 50 nm. Then, each domain was independently constructed
around each point. For each domain, we randomly assigned a number of virtual molecules
contained in this domain using a Gaussian distribution with mean, μ = 15 and standard devia-
tion, σ = 4. Molecules were randomly and uniformly positioned in a 5 nm radius around the
center, thereby simulating a 10 nm domain diameter. Each molecule was then assigned a
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number of blinks from a geometric distribution and a localization precision from a log-normal
distribution. It should be noted that the average time in the fluorescent on-state is relative to
the camera’s integration time and here we assumed a geometric distribution. The localization
precision defines the sigma of the 2D Gaussian function for the distribution of blinks around
the molecule of interest. In a recent report, Lee et al. determined that the blinking properties of
a fluorescent probe in SMLM conditions were best described by a geometric distribution with
the parameter η = 0.5, corresponding to the probability of the transition to the dark state [44].
The log-normal distribution of localization precisions was calculated from the fit of Alexa-
Fluro647-coated coverslip data in dSTORM conditions. For each blinking event, we recorded
the photon count, which can be converted into precision localization values [46][45]. The best
fit for AlexaFluor647 molecules was obtained for μ = 2.8, σ = 0.28. We added background to
the simulations by superimposing a randomly selected area of 5 μm x 5 μm from the non-spe-
cific binding adsorption data (Figure D (C) in S1 File). Finally, to simulate improperly labeled
domains or undetected domains, we introduced a percentage of missing domains where we
randomly removed a specific percentage of the domains.
Supporting information
S1 File. Figure A: AFM and dSTORM images of nanoscale surfaces produced by copolymer
self-assembly. Figure B: Defining the dSTORM parameters employed in simulation: number
of molecule per domain, number of blink per molecule, precision per event. Figure C:
DBSCAN and NND analysis for dSTORM images of nanoscale surfaces. Figure D: dSTORM
image of background and non-specific binding of CGRGDSK-Alexa647 onto surfaces modi-
fied with 25:75 PS-PEO:PS polymer. Figure E: DBSCAN cluster maps of simulated data.
(PDF)
Acknowledgments
This work was supported by the Australian Research Council; grant numbers LP140100967 (to
KG and PRN) and DP130100269 (to KG). KG also acknowledges funding from the ARC Cen-
tre of Excellence in Advanced Molecular Imaging (CE140100011) and National Health and
Medical Research Council of Australia (1059278, 1037320). JJG acknowledges funding from
the ARC Centre of Excellence in Convergent Bio-Nano Science and Technology
(CE140100036) and the ARC Laureate Fellowship (FL150100060) program. The authors
declare no competing interests.
Author Contributions
Conceptualization: J. Justin Gooding, Katharina Gaus.
Data curation: Philip R. Nicovich, Daniel J. Nieves.
Formal analysis: Mahdie Mollazade, Thibault Tabarin, Philip R. Nicovich, Alexander Soer-
iyadi, Daniel J. Nieves.
Funding acquisition: J. Justin Gooding, Katharina Gaus.
Investigation: Mahdie Mollazade, Thibault Tabarin, Philip R. Nicovich, Alexander Soeriyadi,
Daniel J. Nieves.
Software: Thibault Tabarin, Philip R. Nicovich.
Supervision: J. Justin Gooding.
Can single molecule localization microscopy be used to map closely spaced RGD nanodomains?
PLOS ONE | https://doi.org/10.1371/journal.pone.0180871 July 19, 2017 14 / 17
Validation: Thibault Tabarin, Philip R. Nicovich.
Writing – original draft: Thibault Tabarin, Daniel J. Nieves, J. Justin Gooding, Katharina
Gaus.
Writing – review & editing: Philip R. Nicovich, Daniel J. Nieves, J. Justin Gooding, Katharina
Gaus.
References
1. Zamir E, Geiger B. Molecular complexity and dynamics of cell-matrix adhesions. J Cell Sci. 2001; 114:
3583–3590. PMID: 11707510
2. Chen CS, Mrksich M, Huang S, Whitesides GM, Ingber DE. Geometric control of cell life and death. Sci-
ence. 1997; 276: 1425–1428. https://doi.org/10.1126/science.276.5317.1425 PMID: 9162012
3. Massia SP, Hubbell JA. An RGD spacing of 440nm is sufficient for integrin alpha-V-beta-3-mediated
fibroblast spreading and 140nm for focal contact and stress fiber formation. J Cell Biol. 1991; 114:
1089–1100. https://doi.org/10.1083/jcb.114.5.1089 PMID: 1714913
4. Maheshwari G, Brown G, Lauffenburger DA, Wells A, Griffith LG. Cell adhesion and motility depend on
nanoscale RGD clustering. J Cell Sci. 2000; 113: 1677–1686. PMID: 10769199
5. Arnold M, Cavalcanti-Adam EA, Glass R, Blu¨mmel J, Eck W, Kantlehner M, et al. Activation of integrin
function by nanopatterned adhesive interfaces. Chemphyschem. 2004; 5: 383–388. https://doi.org/10.
1002/cphc.200301014 PMID: 15067875
6. Cavalcanti-Adam EA, Volberg T, Micoulet A, Kessler H, Geiger B, Spatz JP. Cell spreading and focal
adhesion dynamics are regulated by spacing of integrin ligands. Biophys J. 2007; 92: 2964–74. https://
doi.org/10.1529/biophysj.106.089730 PMID: 17277192
7. Huang J, Grater S V, Corbellini F, Rinck-Jahnke S, Bock E, Kemkemer R, et al. Impact of order and dis-
order in RGD nanopatterns on cell adhesion. Nano Lett. 2009; 9: 1111–1116. https://doi.org/10.1021/
nl803548b PMID: 19206508
8. Le Saux G, Magenau A, Gunaratnam K, Kilian KA, Bocking T, Gooding JJ, et al. Spacing of integrin
ligands influences signal transduction in endothelial cells. Biophys J. 2011; 101: 764–773. https://doi.
org/10.1016/j.bpj.2011.06.064 PMID: 21843466
9. Binnig G, Quate CF, Gerber C. Atomic force microscope. Phys Rev Lett. 1986; 56: 930–933. https://doi.
org/10.1103/PhysRevLett.56.930 PMID: 10033323
10. Kimura T, Yamauchi Y. Electron microscopic study on aerosol-assisted synthesis of aluminum organo-
phosphonates using flexible colloidal PS-b-PEO templates. Langmuir. 2012; 28: 12901–8. https://doi.
org/10.1021/la302695q PMID: 22873793
11. Smith JR, Larson C, Campbell S a. Recent applications of SEM and AFM for assessing topography of
metal and related coatings—a review. Trans Inst Met Finish. 2011; 89: 18–27. https://doi.org/10.1179/
174591910X12922367327388
12. Deeg JA, Louban I, Aydin D, Selhuber-unkel C, Kessler H, Spatz JP. Impact of local versus global ligand
density on cellular adhesion. Nano Lett. 2011; 11: 1469–1476. https://doi.org/10.1021/nl104079r PMID:
21425841
13. Schvartzman M, Palma M, Sable J, Abramson J, Hu X, Sheetz MP, et al. Nanolithographic control of
the spatial organization of cellular adhesion receptors at the single-molecule level. Nano Lett. 2011; 11:
1306–1312. https://doi.org/10.1021/nl104378f PMID: 21319842
14. Arnold M, Schwieder M, Blummel J, Cavalcanti-Adam EA, Lopez-Garcia M, Kessler H, et al. Cell inter-
actions with hierarchically structured nano-patterned adhesive surfaces. Soft Matter. 2009; 5: 72–77.
https://doi.org/10.1039/B815634D PMID: 21686049
15. Hess ST, Girirajan TPK, Mason MD. Ultra-high resolution imaging by fluorescence photoactivation
localization microscopy. Biophys J. 2006; 91: 4258–72. https://doi.org/10.1529/biophysj.106.091116
PMID: 16980368
16. Betzig E, Patterson GH, Sougrat R, Lindwasser OW, Olenych S, Bonifacino JS, et al. Imaging intracel-
lular fluorescent proteins at nanometer resolution. Science. 2006; 313: 1642–5. https://doi.org/10.1126/
science.1127344 PMID: 16902090
17. Heilemann M, Van De Linde S, Schu¨ttpelz M, Kasper R, Seefeldt B, Mukherjee A, et al. Subdiffraction-
resolution fluorescence imaging with conventional fluorescent probes. Angew Chemie—Int Ed. 2008;
47: 6172–6176. https://doi.org/10.1002/anie.200802376 PMID: 18646237
Can single molecule localization microscopy be used to map closely spaced RGD nanodomains?
PLOS ONE | https://doi.org/10.1371/journal.pone.0180871 July 19, 2017 15 / 17
18. Rust M, Bates M, Zhuang X. Stochastic optical reconstruction microscopy (STORM) provides sub-dif-
fraction-limit image resolution. Nat Methods. 2006; 3: 793–795. https://doi.org/10.1038/nmeth929
PMID: 16896339
19. Sharonov A, Hochstrasser RM. Wide-field subdiffraction imaging by accumulated binding of diffusing
probes. Proc Natl Acad Sci United States Am. 2006; 103: 18911–18916.
20. Giannone G, Hosy E, Levet F, Constals A, Schulze K, Sobolevsky AI, et al. Dynamic superresolution
imaging of endogenous proteins on living cells at ultra-high density. Biophys J. 2010; 99: 1303–1310.
https://doi.org/10.1016/j.bpj.2010.06.005 PMID: 20713016
21. Lew MD, Lee SF, Ptacin JL, Lee MK, Twieg RJ, Shapiro L, et al. Three-dimensional superresolution
colocalization of intracellular protein superstructures and the cell surface in live Caulobacter crescentus.
Proc Natl Acad Sci. 2011; 108: E1102–E1110. https://doi.org/10.1073/pnas.1114444108 PMID:
22031697
22. Jungmann R, Avendaño MS, Woehrstein JB, Dai M, Shih WM, Yin P. Multiplexed 3D cellular super-res-
olution imaging with DNA-PAINT and Exchange-PAINT. Nat Methods. 2014; 11: 313–8. https://doi.org/
10.1038/nmeth.2835 PMID: 24487583
23. Bretschneider S, Eggeling C, Hell SW. Breaking the diffraction barrier in fluorescence microscopy by
optical shelving. Phys Rev Lett. 2007; 98: 218103. https://doi.org/10.1103/PhysRevLett.98.218103
PMID: 17677813
24. Henriques R, Griffiths C, Hesper Rego E, Mhlanga MM. PALM and STORM: unlocking live-cell super-
resolution. Biopolymers. 2011; 95: 322–31. https://doi.org/10.1002/bip.21586 PMID: 21254001
25. Klein T, Proppert S, Sauer M. Eight years of single-molecule localization microscopy. Histochem Cell
Biol. 2014; 141: 561–575. https://doi.org/10.1007/s00418-014-1184-3 PMID: 24496595
26. Owen DM, Rentero C, Rossy J, Magenau A, Williamson D, Rodriguez M, et al. PALM imaging and clus-
ter analysis of protein heterogeneity at the cell surface. J Biophotonics. 2010; 3: 446–454. https://doi.
org/10.1002/jbio.200900089 PMID: 20148419
27. Rossier O, Octeau V, Sibarita J-B, Leduc C, Tessier B, Nair D, et al. Integrins β1 and β3 exhibit distinct
dynamic nanoscale organizations inside focal adhesions. Nat Cell Biol. Nature Publishing Group; 2012;
14: 1057–67. https://doi.org/10.1038/ncb2588 PMID: 23023225
28. Liu J, Wang Y, Goh WI, Goh H, Baird M a, Ruehland S, et al. Talin determines the nanoscale architec-
ture of focal adhesions. Proc Natl Acad Sci. 2015; 201512025. https://doi.org/10.1073/pnas.
1512025112 PMID: 26283369
29. Gooding JJ, Gaus K. Single-Molecule Sensors: Challenges and Opportunities for Quantitative Analysis.
Angew Chemie Int Ed. 2016; 55: 2–15. https://doi.org/10.1002/anie.201600495 PMID: 27444661
30. Hennig S, van de Linde S, Bergmann S, Huser T, Sauer M. Quantitative super-resolution microscopy of
nanopipette-deposited fluorescent patterns. ACS Nano. 2015; 9: 8122–30. https://doi.org/10.1021/
acsnano.5b02220 PMID: 26173009
31. Gramlich MW, Bae J, Hayward RC, Ross JL. Fluorescence imaging of nanoscale domains in polymer
blends using stochastic optical reconstruction microscopy (STORM). Opt Express. 2014; 22: 8438.
https://doi.org/10.1364/OE.22.008438 PMID: 24718217
32. Ester M, Kriegel H-P, Sander J, Xu X. A density-based algorithm for discovering clusters in large spatial
databases with noise. Compr Chemom. 1996; 2: 635–654. https://doi.org/10.1016/B978-044452701-1.
00067-3
33. Li H, Cooper-White JJ. Changing ligand number and type within nanocylindrical domains through kineti-
cally constrained self-assembly-impacts of ligand “redundancy” on human mesenchymal stem cell
adhesion and morphology. Biomater Sci. Royal Society of Chemistry; 2014; 2: 1693–1705. https://doi.
org/10.1039/c4bm00109e PMID: 26829475
34. Lei Y, Yang S, Wu M, Wilde G. Surface patterning using templates: concept, properties and device
applications. Chem Soc Rev. 2011; 40: 1247–58. https://doi.org/10.1039/b924854b PMID: 21031172
35. Bang J, Jeong U, Ryu DY, Russell TP, J Hawker C. Block copolymer nanolithography: Translation of
molecular level control to nanoscale patterns. Adv Mater. 2009; 21: 4769–4792. https://doi.org/10.1002/
adma.200803302 PMID: 21049495
36. George P a, Doran MR, Croll TI, Munro TP, Cooper-White JJ. Nanoscale presentation of cell adhesive
molecules via block copolymer self-assembly. Biomaterials. Elsevier Ltd; 2009; 30: 4732–4737. https://
doi.org/10.1016/j.biomaterials.2009.05.039 PMID: 19545894
37. Glass R, Arnold M, Blu¨mmel J, Ku¨ller A, Mo¨ller M, Spatz JP. Micro-nanostructured interfaces fabricated
by the use of inorganic block copolymer micellar monolayers as negative resist for electron-beam lithog-
raphy. Adv Funct Mater. 2003; 13: 569–575. https://doi.org/10.1002/adfm.200304331
38. Glass R, Moller M, Spatz JP. Block copolymer micelle nanolithography. Nanotechnology. 2003; 14:
1153–1160. https://doi.org/10.1088/0957-4484/14/10/314
Can single molecule localization microscopy be used to map closely spaced RGD nanodomains?
PLOS ONE | https://doi.org/10.1371/journal.pone.0180871 July 19, 2017 16 / 17
39. Lin Z, Kim DH, Wu X, Boosahda L, Stone D, LaRose L, et al. A rapid route to arrays of nanostructures in
thin films. Adv Mater. 2002; 14: 1373–1376. https://doi.org/10.1002/1521-4095(20021002)
14:19<1373::AID-ADMA1373>3.0.CO;2-F
40. Li H, Frith J, Cooper-White JJ. Modulation of stem cell adhesion and morphology via facile control over
surface presentation of cell adhesion molecules. Biomacromolecules. 2014; 15: 43–52. https://doi.org/
10.1021/bm4012562 PMID: 24274693
41. George PA, Cooper-White JJ. Kinetically constrained block copolymer self-assembly a simple method
to control domain size. Eur Polym J. Elsevier Ltd; 2009; 45: 1065–1071. https://doi.org/10.1016/j.
eurpolymj.2008.11.039
42. Li H, Cooper-white JJ. Changing ligand number and type within nanocylindrical domains through kineti-
cally constrained self-assembly—impacts of ligand “redundancy” on human mesenchymal stem cell
adhesion and morphology. Biomater Sci. Royal Society of Chemistry; 2014; 2: 1693–1705. https://doi.
org/10.1039/c4bm00109e PMID: 26829475
43. Heilemann M, Van De Linde S, Mukherjee A, Sauer M. Super-resolution imaging with small organic
fluorophores. Angew Chemie—Int Ed. 2009; 48: 6903–6908. https://doi.org/10.1002/anie.200902073
PMID: 19670280
44. Lee SH, Shin JY, Lee A, Bustamante C. Counting single photoactivatable fluorescent molecules by
photoactivated localization microscopy (PALM). PNAS. 2012; 109: 17436–41. https://doi.org/10.1073/
pnas.1215175109 PMID: 23045631
45. Mortensen KI, Churchman LS, Spudich JA, Flyvbjerg H. Optimized localization analysis for single-mole-
cule tracking and super-resolution microscopy. Nat Methods. 2010; 7: 377–381. https://doi.org/10.
1038/nmeth.1447 PMID: 20364147
46. Thompson RE, Larson DR, Webb WW. Precise nanometer localization analysis for individual fluores-
cent probes. Biophys J. Elsevier; 2002; 82: 2775–2783. https://doi.org/10.1016/S0006-3495(02)75618-
X PMID: 11964263
47. Andronov L, Orlov I, Lutz Y, Vonesch J-L, Klaholz BP. ClusterViSu, a method for clustering of protein
complexes by Voronoi tessellation in super-resolution microscopy. Sci Rep. Nature Publishing Group;
2016;April: 24084. https://doi.org/10.1038/srep24084 PMID: 27068792
48. Levet F, Hosy E, Kechkar A, Butler C, Beghin A, Choquet D, et al. SR-Tesseler: a method to segment
and quantify localization-based super-resolution microscopy data. Nat Methods. 2015; 12: 1065–71.
https://doi.org/10.1038/nmeth.3579 PMID: 26344046
49. Baddeley D, Cannell MB, Soeller C. Visualization of localization microscopy data. Microsc Microanal.
UNSW Library; 2010; 16: 64–72. https://doi.org/10.1017/S143192760999122X PMID: 20082730
50. Rubin-Delanchy P, Burn GL, Griffie´ J, Williamson DJ, Heard NA, Cope AP, et al. Bayesian cluster identi-
fication in single-molecule localization microscopy data. Nat Methods. 2015; 12: 1072–1076. https://doi.
org/10.1038/nmeth.3612 PMID: 26436479
51. Olivier N, Keller D, Gonczy P, Manley S. Resolution doubling in 3D-STORM imaging through improved
buffers. PLoS One. 2013; 8: 1–9. https://doi.org/10.1371/journal.pone.0069004 PMID: 23874848
52. Shtengel G, Galbraith J a, Galbraith CG, Lippincott-Schwartz J, Gillette JM, Manley S, et al. Interfero-
metric fluorescent super-resolution microscopy resolves 3D cellular ultrastructure. Proc Natl Acad Sci U
S A. 2009; 106: 3125–3130. https://doi.org/10.1073/pnas.0813131106 PMID: 19202073
53. Chao J, Ram S, Ward ES, Ober RJ. A comparative study of high resolution microscopy imaging modali-
ties using a three-dimensional resolution measure. Opt Express. 2009; 17: 24377–24402. https://doi.
org/10.1364/OE.17.024377 PMID: 20052148
54. Tehrani KF, Xu J, Kner P. Wavefront correction using machine learning methods for single molecule
localization microscopy. Proc SPIE. 2015; 9335: 93350L. https://doi.org/10.1117/12.2077269
55. Bifano TG, Kubby J, Gigan S, editors. Adaptive optics and wavefront control for biological systems III.
Proc. SPIE; 2016.
56. Pertsinidis A, Mukherjee K, Sharma M, Pang ZP, Park SR, Zhang Y, et al. Ultrahigh-resolution imaging
reveals formation of neuronal SNARE/Munc18 complexes in situ. Proc Natl Acad Sci U S A. 2013; 110:
E2812–E2820. https://doi.org/10.1073/pnas.1310654110 PMID: 23821748
57. Pertsinidis A, Zhang Y, Chu S. Subnanometre single-molecule localization, registration and distance
measurements. Nature. Nature Publishing Group; 2010; 466: 647–651. https://doi.org/10.1038/
nature09163 PMID: 20613725
58. Rossy J, Owen DM, Williamson DJ, Yang Z, Gaus K. Conformational states of the kinase Lck regulate
clustering in early T cell signaling. Nat Immunol. 2012; 14: 82–89. https://doi.org/10.1038/ni.2488
PMID: 23202272
Can single molecule localization microscopy be used to map closely spaced RGD nanodomains?
PLOS ONE | https://doi.org/10.1371/journal.pone.0180871 July 19, 2017 17 / 17
